Abstract: We demonstrate a simple structure for the refractive index sensing by splicing a segment of capillary with two segments of single-mode fibers (SMFs). By selecting appropriate splicing parameters, two mode coupling regions can be formed with tapered air-cavities on both sides of the capillary. This simple structure allows us the light propagation in the capillary with a ring mode distribution, while the high-order mode distributed in the capillary will be affected by the surrounding environment. With the inner diameter of the capillary increases, there is an enhancement of interaction between ring modes and the surrounding environment. Therefore, we can realize a tailored sensitivity based on the inner capillary diameter. Maximum refractive index sensitivities of 789, 1196, and 1684 nm/RIU can be obtained in the refractive index range from 1.3360 to 1.4365 when the inner diameter is 5, 15, and 25 μm, respectively. The distinguishing feature of such a capillary-based fiber sensor is that it can be used for the refractometry with a tailored high sensitivity through choosing the inner capillary diameter.
Introduction
The fiber-based refractometry has the inherent advantages of fiber sensors such as the electromagnetic immunity, light weight, small size, resistance to harsh environments, and so on. To fabricate optical fiber refractive index (RI) sensor structures, various types of new structures and advanced processing technologies have been demonstrated, such as the trench-embedding fiber taper sensor fabricated by the laser pulse processing technology [1] , [2] , the normal photonic crystal fiber [3] , the S-Tapered fiber sensor [4] , the no-core fiber [5] , the graphene-deposited photonic crystal fiber [6] , and multimode microfiber [7] . As one of microstructure optical fiber, the hollow core fiber (HCF) also has been extensively studied [8] - [10] . A single mode fiber (SMF)-hollow core fiber-multimode fiber structure has been investigated and employed to realize the mode conversion [8] . A Mach- Zehnder interferometer based on HCF was employed for the measurement of temperature and curvature simultaneously [9] . A Fabry-Perot interferometer based on special HCF was fabricated for photothermal gas sensor [10] and a Fabry-Perot interferometer based on a C-shaped hollow core fiber for RI sensing [11] . The capillary, as a special hollow core fiber, was used to develop a variety of micro-nano optics devices, such as the bandpass filter [12] , ultracompact in-line broadband Mach-Zehnder interferometer [13] , and in-Fiber Fabry-Perot and Mach-Zehnder interferometers [14] - [19] . There are also some sensor devices based on multimode interference that are proposed to achieve refractive index sensing, such as the tapered muticore fiber for magnetic field strength sensing [20] , the multi-mode interferometer and FP composite structure based on the solid-core photonic crystal fiber and the hollow-core photonic crystal fiber for RI sensing [21] . Although some devices mentioned above can be used for sensing the refractive index, there are still some deficiencies, such as the complex laser fabrication [1] , [2] , tapering [4] processes, and the center offset induced poor robustness [14] .
In this paper, we demonstrate a refractometry by splicing one section of capillary with two sections of single mode fiber (SMF) without any additional processing steps. RI sensing characteristics of such a sensor structure were studied by both simulation and experiment under various inner capillary diameters, with high sensitivities obtained.
Model and Theory
The capillary based sensor structure consists of one short segment of capillary spliced between two standard SMFs with appropriate splicing parameters. Fig. 1(a) shows the schematic diagram of this fiber device. Two mode coupling regions with tapered air-cavities on both sides of the capillary were formed after the splicing process. The mode coupling region can be regarded as a segment of multimode fiber with the core diameter of 120 μm and the cladding as the surrounding environment. The input light in the SMF has a fundamental mode field distribution. When the incident light reaches the coupling region, the input field will be coupled into eigenmodes L P 0m in the mode coupling region as in [22] .
The modes in the coupling region propagate in the capillary and interfere with each other. The optical field of the capillary section can be calculated by
where M is the count of cladding modes. α m is the coupling coefficient from the L P 01 mode in the SMF to the L P 0m mode in the capillary. E m (r ) is the field distribution of the L P 0m mode in the capillary. β m is the longitudinal propagation constant. L is the propagation length along the capillary. Therefore, the intensity distribution of the light field generated by the interference can be expressed as
When the condition satisfies (β m − β n )L = 2N π, the constructive interference occurs with N as an integer. Simulations are performed using a commercial Rsoft Beamprop module. Simulation parameters are as the following. The core and cladding RI of SMF are 1.4681 and 1.4628. The RI of capillary is same to the cladding RI of SMF. The capillary inner diameter (ID) is 5 μm. The length of the mode coupling region, the tapered air-cavity and the total device length are set as 150 μm, 200 μm and 10 mm, respectively. As shown in Fig. 1(b) , the input fundamental mode field can be decomposed and coupled into the eigenmodes L P 0m when the light enters the mode coupling region. For this capillary based sensor structure, we select four cross sections of the model to observe the energy distribution, as shown in Fig. 1 (c)-(f). The modes coupled into the coupling region propagate in the capillary and interfere with each other. Therefore, the energy distribution of the cross section show different forms as L increases. Finally, the higher order modes coupling back to the core of SMF through another coupling region. The transmission spectrum of the capillary based sensor is obtained by interferences between different modes. We also calculate the effective refractive index of the capillary eigenmodes as shown in Fig. 2(a) . The effective RI decreases with the mode order or the wavelength increasing. When the wavelength is fixed at 1550 nm, the larger inner capillary diameter is, the faster the rate of decrease in the effective RI with the mode order increasing, as shown in Fig. 2(b) . The effective RI will be changed by the variation of the refractive index of the surrounding environment; hence, the longitudinal propagation constant β m will be changed by the variation of the RI of the surrounding environment, resulting into the spectral wavelength shift for the sensing applications.
It can also be seen from Fig. 2(b) that the effective RI decreases when the inner diameter increases. The evanescent field of modes in the capillary increases as the inner diameter increases, so the RI sensitivity also increases, which will be confirmed in the following simulation and experimental results.
Device Fabrication and RI Sensing
To fabricate the proposed capillary based sensor, three types of quartz capillary from Ploymicro Technologies are used. The inner capillary diameters are 5 μm (TSP005150), 15 μm (TSP015150) and 25 μm (TSP025150), respectively. The outer diameter of all the capillaries is 150 μm. After removal of the polymer cladding, the outer diameter of all capillaries is 125 μm. First, a segment of capillary and a segment of single mode fiber (SMF28) were cleaved and spliced together by a commercial fusion splicer (FITEL-S178) with the rewritten splicing program. Table 1 lists the key parameters adopted in our experiments. Two mode coupling regions with tapered air-cavity on both sides of the capillary were formed after the two splicing steps, with the length of the mode coupling regions about 150 μm, and we cleave the capillary as a short section (∼10 mm) connected with SMF. Finally, the other end of the capillary was fusion spliced with another SMF. According to the above processing method, we fabricated three types of capillary based sensors with different inner diameters. All the sensors are about 10 mm long. At the same time, we established the appropriate numerical model. The main parameters of the numerical model are obtained from the fabricated devices, which is the same as Section 2. For the numerical simulation, the transmission spectra, insertion loss and the RI sensing characteristics of the sensors based on different capillaries are studied. The wavelength is set to 1550 nm. As shown in Fig. 3 , the energy distribution and the output normalized optical power of the device are obtained. Through the normalized optical powers at the output port, the insertion loss increases as the inner diameter increasing for the wavelength at 1550 nm.
We also simulated the transmission spectra of all types of sensors from 1200 to 1700 nm with a step of 1 nm. The capillary inner diameter is 5, 15, and 25 μm. Then the transmission spectra were obtained as shown in the Fig. 4(a)-(c) . Different transmission spectra correspond to the capillaries with different inner diameters. The greater the inner diameter is, the more intensive the energy distribution in the capillary cladding is. This leads to more complex pattern interferences and spectra. Experimentally, the transmission spectra are measured using an optical spectrum analyzer (Yokogawa, AQ6370B) with a resolution of 0.05 nm, and a wideband light source (SuperK COMPACT). The spectra of the sensors based on different capillaries are obtained as shown in the Fig. 4(d)-(f) . As the inner diameter increases, the spectrum becomes more complex caused by the multiple interferences. As a relatively large inner diameter allows a small part light coupled into the air core of the capillary, the complex spectrum for greater capillary diameter, as shown in Fig. 4(f) , is due to two effects of the multimode interferences and the antiresonant reflection [23] .
Comparing the simulation with the experimental results, the simulation results show the good agreement with the experimental results. The dip positions in the simulation spectra and the experimental spectra are not completely consistent, caused by the differences of the coupling region and tapered area between the numerical simulation model and experimental samples. Moreover, the experiment results are also affected by other factors, such as the temperature, the microbending and so on. We also calculated the average transmission intensity, which is the average of transmission intensities within the wavelengths from 1200 to 1700 nm. In both the simulation and experiment, the average transmission intensity decrease with the inner diameter increasing as shown in Fig. 5 .
By clamping the fabricated device with two fiber holders, we investigated the surrounding refractive index response characteristics of the sensor from 1.3360 to 1.4521 at the room temperature. After each measurement, we clean the sensor with the ethanol to make the spectrum back to the initial spectrum. With the increasing of the RI, the spectrum will shift to the longer wavelength. The performance of the fabricated sensor based the capillary with inner diameter of 5 μm is tested firstly. The spectrum evolution is shown in the Fig. 6(a) . The wavelength of the dip around 1468 nm is shown in Fig. 6(b) . The maximum sensitivity is 4179 nm/RIU when the refractive index changes from 1.4472 to 1.4521. As the refractive index sensitivity is increasing when the inner diameter of the capillary increases, the transmission spectrum is distorted when reaching a critical refractive index, and this critical refractive index will become smaller when the inner diameter increases. So we compare the characteristics of several capillaries based on different inner diameters in the range of 1.3360 to 1.4365. When the inner diameter is 5, 15 and 25 μm, respectively, maximum refractive index sensitivities of 789, 1196 and 1684 nm/RIU can be obtained in the refractive index range from 1.3360 to 1.4365.
The thermal stability of the device is very important for the refractive index sensing. Thus the temperature sensing experiment is also carried out with a device sample of which inner diameter is 5 μm. By monitoring the wavelength position of the dips to characterize the change of the ambient temperature. The spectrum evolution is shown in Fig. 7(a) . The sensitivity of 10.4 pm/
• C and 11.9 nm/
• C when the wavelength of the dip around 1468 nm (peak A) and 1595 nm (peak B) are obtained, which is shown in Fig. 7(b) . The results show that the temperature sensor sensitivity is around 10 pm/
• C, which is due to the intrinsic property of the capillary material. When the temperature is nearly stabled during the experiment, the temperature-induced cross-sensing effect can be ignored.
According to the above process, the RI sensing performance of those sensors based on the capillaries with different inner diameters is tested respectively. Simultaneously, we calculate the evolution of the sensor transmission spectra by changing the RI of the background of the numerical simulation model, and we analyze the data obtained from the RI sensing simulation and experiments. Fig. 8(a) shows the RI sensing simulation, we can easily obtained that the wavelength shift distance of all sensor models show exponential relationship with the RI, and with the RI increasing, the RI sensitivity significantly increased. Similarly, the experimental results as shown in Fig. 8(b) are also consistent with the above conclusions. As shown in Fig. 8(a) and (b) , the RI sensitivity is increasing with the inner diameter increases. When the inner diameter is increasing from 5 to 25 μm, the RI sensitivity is proportional to the inner capillary diameter.
The average insertion loss and the maximum refractive index sensitivity increases when the inner diameter increases, as shown in Fig. 9 . The average insertion loss and the sensitivity is a trade-off in the practical design of RI sensors. Therefore we can obtain a higher sensitivity by using the capillary with the diameter greater than 25 μm to a certain extent. However, the sensitivity cannot unlimitedly increase, as the sensor cannot be used for the refractive index sensing anymore when the insertion loss is large.
Conclusion
In this work, a refractometry was demonstrated by splicing a segment of capillary with two segments of standard SMF with appropriate splicing parameters. We investigated the mechanism of light transmission in the device and the RI sensing characteristic of the sensor structure. Maximum refractive index sensitivities of 789, 1196 and 1684 nm/RIU can be obtained in the refractive index range from 1.3360 to 1.4365 when the inner diameter is 5, 15, and 25 μm, respectively. Improved RI sensitivities could be achieved experimentally using larger inner diameter. This device has the advantages of simple structure, easy fabrication process, low cost and high sensing sensitivity. Besides, this structure gives controllable parameter (capillary inner diameter) to improve the sensitivity. This device structure has great potentials for applications in the bio-sensing, concentration, and chemical gas detections.
